Technology improvement related to energy conservation and energy mix low-carbonization is a critical approach for tackling global warming in China. Therefore, we attempt to identify the technology factors of China's energy consumption change between 2007 and 2012, when China's economy started slowing. This study proposes a new refined structural decomposition analysis (SDA) based on a hybrid multi-regional input-output (MRIO) model. The technology factors are expressed through the energy input level effect, energy composition effect, and non-energy input effect. We find that the energy level effect was the primary driver for energy reduction, saving 1205 million tonnes of standard coal equivalent (Mtce) of energy, while 520 Mtce was offset by energy composition and non-energy input effects. The sector analysis shows that the energy input level, energy composition, and non-energy input effects of electricity, the chemical industry, and metallurgy are noteworthy. In addition, the sector contribution to energy-use change, by province, related to the three effects, is also studied. From these results, we propose policy suggestions for further energy saving, in order to achieve China's energy target through technology improvements by the higher priority contributors identified.
Introduction
Fossil energy consumption is one of the main reasons for global warming [1,2]. As a major greenhouse gas (GHG) emitter, China aims to keep energy consumption within six billion tonnes of standard coal equivalent by 2030 for GHG abatement. Meanwhile, natural gas and non-fossil energy are targeted to have a 35% share of China's energy pie [3] . However, it has been announced that the commitment to the Paris Agreement of each country is not enough to achieve the 1.5 degree Celsius goal [4] , which undoubtedly poses additional challenges to national climate policy. Therefore, it is important to quantify the driving factors related to energy saving and energy mix low-carbonization in order to shed light on the achievement of the pursuit of a higher GHG reduction. Also, the realization of national goals requires the joint efforts of all of the provinces. Given the provincial disparities, the provincial contributions to the energy saving and energy mix change are also worth estimating, for a policy tailored to each province.
Structural decomposition analysis (SDA) is usually used to evaluate the driving factors behind energy consumption or environment load change. An advantage of SDA is that a wide variety of energy saving in China, and suggest that they should be environmentally monitored. Policy makers should commit to making important stakeholder sectors and provinces the highest priority. This paper is organized as follows: Section 2 describes the methodology proposed in this study, Section 3 explains the data used in this study, Section 4 provides the results and discussion, and Section 5 concludes this paper.
Methodology

Primary Fossil Energy Consumed in China
The structure of the MRIO model can be expressed as x = Ax + f, where x = (x r i ) (r = 1, . . . , R; i = 1, . . . , N) is the vector of outputs of N sectors of R provinces, and f =( f r i ) is the vector of the total final demand for sector i of province r, including rural household consumption, urban household consumption, government consumption, fixed capital formation, and exports. Furthermore, A = (z rs ij /x s j ) = (a rs ij ) (r, s = 1, . . . , R; i, j = 1, . . . , N) is the input coefficient matrix, where z rs ij denotes the intermediate deliveries from sector i of province r to sector j of province s.
In the mixed-units approach (i.e., hybrid approach), if i is an energy sector, x r i , z rs ij , and f r i are measured in energy units (tonnes of coal equivalent in this study). As in the previous studies [12, 16, 17] , the solution of the hybrid MRIO model is x = Lf, where L = (I − A) −1 is the Leontief inverse matrix.
It should be noted that the hybrid MRIO database of China describes both domestically produced energy and imported energy. The domestically produced primary fossil energy consumption in China triggered by the final demand can be estimated as follows:
where d = (d r i ) represents the fossil energy consumptions provided by energy sector k of province r, triggered by the domestic final demand of China and its exports (when i = k). It should be noted that e is a diagonal matrix with diagonal elements of 0 and 1. When i is a fossil energy sector (coal mining, crude oil, and natural gas) of province r, e r i = 1, and otherwise, e r i = 0. The physical energy import triggered by the domestic final demand of China and its exports can also be estimated as follows:
h= MLf (2) where h = (h k ) represents the imported energy (k) consumed in China, and M = (m s kj ) is the energy import coefficient matrix expressing the physical amount of energy (k) imported to produce one unit of output of sector j of province s (see the Supporting Information).
The fossil energy (k) consumed in China triggered by total final demand can be expressed as follows:
Structural Decomposition Analysis (SDA)
As the primary fossil energy consumptions formulated in Equation (3) include both domestically produced and imported energy, the SDA technique can be performed, focusing on either of these two sources. From Equation (1), the change in the consumption of domestically produced energy in China between 2007 and 2012 can be calculated by the following:
The driving factors can be found as the final demand effect (∆d F ) and the Leontief inverse effect (∆d L ), respectively. The final demand effect refers to the energy-use change induced by the shifts of the final demand while holding the Leontief inverse constant. The Leontief inverse effect represents the energy-use change generated from the Leontief inverse shift, with a given final demand. We take the average of all of the possible decompositions in order to qualify each effect. Dietzenbacher and Los (1998) , and Hoekstra and Van Den Bergh (2002) provide the theoretical details in their studies [20, 21] .
where ∆ represents the change of a factor. We further decompose the Leontief inverse effect (∆d L ) into trade effect (∆d T ) and technology effect (∆d B ). Moreover, the technology effect is identified along three dimensions, as the energy-use change associated with shifts in the non-energy input, energy composition, and energy input level. Trade effect refers to the energy change induced by the shifts of the input factors' sourcing locations. Technology effect refers to the combined effect of the non-energy input, energy composition, and energy input level effects. Firstly, the non-energy input effect (∆d G ) is the energy-use change generated from the change in non-energy inputs in production, when holding the other factors constant. Secondly, energy composition effect (∆d C ) refers to the energy-use change induced by the energy mix shifts in the production process. Thirdly, the energy input level effect (∆d E ) is the energy-use change brought about by the sum of all kinds of energy consumption variation per unit of output (i.e., energy efficiency).
Furthermore, we have the following matrix decomposition of the Leontief inverse matrix [22] .
In this study, we re-defined the input coefficient matrices of 2007 and 2012, as follows:
Here, T is the inter-provincial trade coefficient matrix of China, showing the proportion supplied from province r of the total intermediate delivery from sector i, required for producing one unit of sector j of province s, and it can be defined as follows:
where T rs (r, s = 1, . . . , R) is the inter-provincial trade coefficient submatrix for the goods and services flowing from province r to s. B in the right-hand sides of Equations (8) and (9) is the technical coefficient matrix of the Chinese provinces, and it can be written as follows:
where
a rs ij ) is the technical coefficient submatrix of a specific province (s), showing the total intermediate delivery from sector i required for producing one unit of sector j of province s. It should be noted that denotes the Hadamard product.
We further propose decomposing the technical coefficient submatrix of a specific province (s), B s (s = 1, . . . , R), as follows:
Energy sector Non − energy sector . . .
where G s is the technical coefficient submatrix for the non-energy sectors, C s is the energy composition matrix showing the energy mix information of each sector, and E s is the diagonal matrix with the overall energy input level (energy intensity in this study) of each sector. K is the total number of energy sectors. Using the refined decomposition factors of Equations (10), (11) , and (12), the input coefficient matrices of 2007 and 2012 can be formulated, respectively, as follows:
Accordingly, ∆L in Equation (6) can be further decomposed into the changes in the structural factors of T, G, C, and E, as follows:
Energies 2019, 12, 699 6 of 16 We can finally quantify the Leontief inverse effect-driven energy-use change as the following four factors.
Pure technology effect (19) Similarly, we decomposed the changes in the imported energy of China between 2007 and 2012 (see Supporting Information).
Data Sources
This study uses the monetary MRIO tables of China from 2007 and 2012 [23, 24] , and the energy-use data of the individual sectors by province [25] , as well as the energy export, import, and inventory change of each province [26, 27] . The "monetary" MRIO tables of 2007 and 2012 are of 30 sectors [23, 24] , while the energy-use data of the individual sectors by province is of 45 industrial sectors and 2 residential sectors [25] . For consistency, this study consolidates the industrial sectors in the different databases [23] [24] [25] into the same 31 sectors, with 8 energy sectors and 23 non-energy sectors. The energy types in the energy-use data are classified into eight groups corresponding to the eight energy sectors (see Table S1 and Table S2 in the Supporting Information for sector classification and energy grouping). Based on the data above, we compile "hybrid" MRIO tables of the years 2007 and 2012, whose energy inputs are described in physical terms (tonnes of coal equivalent in this study), and non-energy inputs are described in monetary terms (Chinese yuan in this study). A detailed description of constructing the hybrid MRIO tables for China can also be found in the Supporting Information.
The double deflation method is used to deflate the monetary flows in the hybrid MRIO table for the 2012 to 2007 constant prices [28] for SDA application. The price index of each sector is obtained from the National Statistical Yearbook [29,30] (see Table S3 for price deflators).
Results and Discussion
Nationwide SDA of China
We estimated the total primary fossil energy consumptions in China by using Equation ( From the SDA results, we found that final demand shifts were the dominating sources that pushed each energy-use upward, by 2259 Mtce in total (84% of the energy consumption in 2007) ( Figure 2 ). It is also important to identify the role of technology changes in primary energy use. Looking at the technology effect, which is a combined effect of the energy input level, energy composition, and non-energy input effects in Figure 2 , technological changes have contributed to decreasing fossil energy use by 684 Mtce in total. Thus, expanding consumptions lead to economic growth and fossil energy growth in China, while the Chinese government can expect that technological changes can help to partially offset fossil energy growth.
total primary fossil energy consumed in China increased by 61%, from 2682 million tonnes of Using the SDA technique developed in this study, we can further decompose the technology effect into the following three effects: energy input level, energy composition, and non-energy input effects. Looking at these three effects in detail, using Figure 2 , between 2007 and 2012, the energy input level effect was the main driver offsetting the increase of all fossil energy types, helping to reduce the energy consumption by 1205 Mtce (45% of the energy consumption in 2007). On the other hand, the energy composition effect was a driver of increasing the consumptions of coal and natural gas by 198 and 12 Mtce, respectively, while reducing oil consumption by 79 Mtce, leading to a 131 Mtce energy growth overall ( Figure 2 ). The non-energy input effect was a driver of increasing the fossil energy consumption by 389 Mtce (15% of energy consumption in 2007) ( Figure 2 ). Thus, the energy saving effect through technological changes was weakened by both energy composition and non-energy input effects; therefore, the Chinese government should put effort into maximizing the technology-induced energy saving effect through an improvement in energy mix and non-energy input. 
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Unfortunately, the other nine sectors had a total rise in coal consumption of 243 Mtce, due to the 235 energy input level effect (Figure 3) . Growth in the sectors of coal mining and coking products stand 236 out the most (Figure 3 ). With the reduction of easy-to-mine and high-quality coal resources, the 237 Figure 2 . Nationwide structural decomposition analysis (SDA) for each fossil-energy type in China.
Decomposition of Technology Effects by Province and Sector
Energy Input Level Effect
We computed the aggregated energy input level effect of each sector by summing the energy input level effect of each sector over 30 provinces. Figure 3 shows that the aggregated energy input level effects of 22 sectors in China contributed to a coal reduction of 1281 Mtce, and the top three sectors were electricity and hot water production and supply (Electricity), metallurgy, and the chemical industry, contributing 71% of that 1281 Mtce coal reduction. The reason lies in the dramatic improvements in the energy efficiencies of these sectors [31, 32] .
Unfortunately, the other nine sectors had a total rise in coal consumption of 243 Mtce, due to the energy input level effect (Figure 3) . Growth in the sectors of coal mining and coking products stand out the most (Figure 3) . With the reduction of easy-to-mine and high-quality coal resources, the increasing difficulty in coal mining and the enlarging need of coal refinement promoted unit energy consumption in coal mining [33, 34] . As coal and electricity were the main energy types consumed in coal mining, according to matrix C in Equation (13), the unit energy consumption change majorly affected the coal consumption. The installation of environmental protection equipment and the instigation of long-term low-load operation in coking products led to an increase of the unit of energy consumption in this sector [35, 36] . For example, wastewater facilities were installed for environment protection, and the unit energy consumption of coking products rose [36] . For the coking facilities, a lower processing amount (a lower load rate) results in a higher allocated unit energy consumption [36] . Coal was the main material for coking. Therefore, the increased unit energy consumption mainly led to coal growth.
Concerning oil consumption, the energy input level effects of 24 sectors acted as drivers to reduce oil by 166 Mtce, with the top sector being transport and storage, which had a reduction of 83 Mtce ( Figure 3) . The energy input level effect of petroleum refining causing oil use to grow by 23 Mtce cannot be ignored, as this amount was significantly higher than those of the next highest sectors (Figure 3) . The increasing share of high-sulfur crude oil and low-load operation owing to excess capacity, induced a unit energy consumption growth in petroleum refining [37, 38] . High-sulfur crude oil not only increased the processing difficulty of refineries, but also expanded the scale of environmental protection facilities, such as desulfurization [39] . As a result, the unit energy consumption of refineries increased, which led to oil growth, because oil was the main raw material of refineries. In addition, the energy input level effect on natural gas use change was quite small (Figure 3 ).
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The problems of these sectors lie in the fact that the low-load operation of power generation units, as Subsequently, we ranked the disaggregated energy input level effects of 31 sectors of 30 provinces; the top ten and the bottom ten are listed in Figure 4 . The coking products of Shanxi had the most energy growth among the 930 contributors (31 sectors × 30 provinces), at 58 Mtce (Figure 4) . From the bottom ten, we were surprised to find that the energy input level effect of electricity was positive at 47 and 20 Mtce in Inner Mongolia and Shanxi, respectively, even though the local governments announced an update of equipment at the power stations during the study period [40] . The problems of these sectors lie in the fact that the low-load operation of power generation units, as well as the poor equipment management levels in Inner Mongolia and Shanxi, resulted in the ineffectiveness of the power generating units with large capacities and a high parameter [41] [42] [43] . The other contributors of the bottom ten were mainly related to coking products, coal mining, and petroleum refining, as expected (Figure 4 ). 
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Mtce, respectively ( Figure 5 ). The matrix ∆C in Equation (17) gives us the source of the energy Accordingly, further energy efficiency improvement in electricity, the chemical industry, metallurgy, coal mining, coking products, transport and storage, and petroleum refining would dramatically reduce energy use. However, the fact is that, by 2017, when these sectors encountered excess capacity, some of the technologies of sectors such as electricity, the chemical industry, metallurgy, and coking products were already close to or at the advanced level in the world [31, 32] . That being the case, what counts is not replacing the equipment frequently, but promoting an energy saving approach under a low-load operation, and phasing out inferior production capacities. As for other sectors, such as coal mining and petroleum refining, both the lag in technology and the over-capacity should be addressed.
Energy Composition Effect
A positive energy composition effect means increasing fossil energy consumptions through energy mix changes. It should be noted that even if the energy input level effect of the specific sector is negative as a result of the decreasing energy intensity as defined by the diagonal element of the matrix E, the fossil energy consumptions of China may increase as a result of the energy composition change of the sector. Specifically, the energy composition effects of electricity and the chemical industry distinctly stimulated the energy growth ( Figure 5 ), although the most significant energy saving was due to the energy input level effects of the two sectors ( Figure 3) .
As for electricity, the energy composition effect caused fossil energy growth by 60 Mtce. Therein, the coal consumption increased by 76 Mtce, while the oil and natural gas went down by 16 and 0.5 Mtce ( Figure 5 ). As for the chemical industry, the energy composition effect was positive at 30 Mtce. The coal consumption grew by 34 Mtce, with oil consumption and natural gas decreasing by 3 and 1 Mtce, respectively ( Figure 5 ). The matrix ∆C in Equation (17) gives us the source of the energy composition effect of a specific sector of a specific province. First of all, the increased coal and electricity proportion in the energy input promoted coal growth. Secondly, fuel oil saving at coal plants made the proportion of oil consumption for electricity, which was already the smallest, even smaller [44, 45] . Policy factors [46] and the price disadvantage of oil impeded the use of oil as a material in the chemical industry [47] . Thirdly, an increasing natural gas price and tight natural gas supply hindered the application of natural gas for both electricity and the chemical industry [48, 49] . In addition, the Natural Gas Utilization Policy set selective restrictions on natural gas use for electricity and the chemical industry [47, 50] . The factors described above influenced the energy structure for electricity and the chemical industry. smaller [44, 45] . Policy factors [46] and the price disadvantage of oil impeded the use of oil as a 301 material in the chemical industry [47] . Thirdly, an increasing natural gas price and tight natural gas 302 supply hindered the application of natural gas for both electricity and the chemical industry [48, 49] .
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proportion in the metallurgy of these provinces [51] . In addition, the other growth in the bottom ten 319 was related to electricity, the chemical industry, and coking products, as expected ( Figure 6 ). Figure 6 shows the top ten and the bottom ten sectors regarding the disaggregated energy composition effects of 31 sectors of 30 provinces. We found that the energy composition effect of metallurgy, which ranked second among the top ten for energy saving related to the energy input level effect, also had a clear impact on energy use, although the aggregated energy composition effect was negligible at −0.5 Mtce (Figure 5) . Here, the energy composition effects of metallurgy of Liaoning, Jiangxi, Shanxi, and Hunan, ranked in the bottom ten for energy saving, triggering a fossil energy growth of 44 Mtce in total, due to the increased proportion of coking products' input to metallurgy in these provinces ( Figure 6 ). However, the energy composition effects of five of the provinces ranking in the top ten helped to reduce fossil energy by 37 Mtce (Figure 6 ), because the secondary energy (coke oven gas, converter gas, etc.) recovery improvement substantially reduced the coal proportion in the metallurgy of these provinces [51] . In addition, the other growth in the bottom ten was related to electricity, the chemical industry, and coking products, as expected ( Figure 6 ). 34 Mtce, respectively, although that of electricity was insignificant at 7 Mtce (Figure 7) . Thus, the −441
In addition to the above, the non-energy input effect of construction triggered the most 349 significant energy growth, leading the fossil energy to increase by 123 Mtce (Figure 7) . The other We found that, compared with the other sectors, the energy composition effects of electricity, the chemical industry, and metallurgy noticeably impacted the fossil energy-use change, especially coal use change. The large coal fraction in the change was because the energy composition change was mainly impacted by a coal-related technology change and a growing electricity share. If electricity generation remains dominated by coal, the wide application of electricity in end-use will trigger more coal consumption, like the coal growth from the chemical industry related to the energy composition effect. Thus, the energy input mix low-carbonization of electricity fundamentally plays an important and beneficial role in the changes in China's primary energy structure. In addition, the significant natural gas growth from the energy composition effect that we expected did not appear in the individual sectors of the individual provinces, as a result of a natural gas supply shortage and price increases. Thus, ensuring the natural gas supply and reasonable prices are key to the development of natural gas. Figure 7 shows that the aggregated non-energy input effect of 24 sectors contributed to fossil energy growth. Note that the non-energy input effects of electricity, metallurgy, and the chemical industry weakened their energy savings related to the energy input level effect. The non-energy input effects of the chemical industry and metallurgy generated noticeable fossil energy growth at 65 and 34 Mtce, respectively, although that of electricity was insignificant at 7 Mtce (Figure 7) . Thus, the −441 Mtce energy input level effect of electricity was offset by 68 Mtce, as a result of the energy growth from the energy composition effect and the non-energy input effect, resulting in a −373 Mtce of a combined effect from the three factors (i.e., the technology effect). Similarly, the −286 Mtce energy input level effect of metallurgy was offset by 34 Mtce, leading to a −252 Mtce technology effect. The −237 Mtce energy input level effect of the chemical industry was offset by 94 Mtce, generating a −143 Mtce technology effect overall.
Non-Energy Input Effect
In addition to the above, the non-energy input effect of construction triggered the most significant energy growth, leading the fossil energy to increase by 123 Mtce (Figure 7) . The other consequential sectors that contributed to energy growth were coal mining and electronic equipment (Figure 7) . From ∆G in Equation (16), we found that the energy growth induced by the non-energy input effect of construction and metallurgy mainly came from the increased metallurgy products' input. Similarly, the growing chemical industry products input and electronic equipment input were mainly responsible for the energy growth of the chemical industry and the electronic equipment related to the non-energy input effect, respectively. Particularly, the principal input factor that was responsible for the fossil energy growth from the non-energy input effect of coal mining varied province by province, but mainly included growth in the chemical industry products, metallurgy products, electrical equipment, and general and specialist machinery input in the sector of coal mining.
consequential sectors that contributed to energy growth were coal mining and electronic equipment 351 (Figure 7) . From ∆ in Equation (16), we found that the energy growth induced by the non-energy Figure 8 shows the most influential disaggregated contributors to energy-use related to the non-energy input effect. The energy growth generated from the non-energy input effect of coal mining in Shanxi was the highest, mainly owning to the growing metallurgy products input (Figure 8 ). The other contributors in the bottom ten were related to construction, metallurgy, the chemical industry, and electronic equipment, not surprisingly ( Figure 8 ). 
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We consider that reducing the non-energy input should be taken seriously. Metallurgy products' We consider that reducing the non-energy input should be taken seriously. Metallurgy products' utilization in construction, metallurgy, and coal mining; chemical industry products' utilization in the chemical industry; and electronic equipment products' utilization in electronic equipment should be given priority attention in order to save energy indirectly.
Analysis Combining the Present and Previous Studies
We collected five seminal peer-reviewed articles [12] [13] [14] 22, 52] relevant to our research, and classified the driving forces behind China's energy-use change into a production technology effect, and a final demand effect. We computed the "average" decomposition effects of different studies in the same period, and Figure 9 shows the percentage contribution of each driving factor to China's energy-use change during the specific five-year period. Importantly, we found that the energy saving effect of the production technology was weaker between 2002 and 2012 than between 1981 and 2002. If the production technology effect becomes smaller over time, then the climate mitigation goal of China will probably not be achieved because of the expanding final demand of goods and services in China (see the larger final demand effects in Figure 9 ). 
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Conclusions and Policy Implication
The main conclusions are summarized as follows: Between 2007 and 2012, technology changes affected fossil energy consumption in China in three aspects. The energy input level effect was the most influential factor offsetting the primary fossil energy growth, by 1205 Mtce, in China. Unfortunately, although the energy composition effect saved 79 Mtce of oil, it promoted coal and natural gas growth by 198 and 12 Mtce, respectively, ultimately resulting in an energy growth of 131 Mtce. The non-energy input effect indirectly caused the fossil energy consumption to increase by 389 Mtce.
The role of the energy input level effect was in opposition to the energy composition and non-energy input effects in most sectors. The energy input level effects of electricity, metallurgy, and the chemical industry stood out the most at −936 Mtce in total, but the noteworthy energy composition effects and non-energy input effects of the three sectors weakened the energy input level effect, triggering a fossil energy growth of 194 Mtce.
The other main sources of energy growth were as follows. For the energy input level effect, coal mining, coking products, and petroleum refining were the primary source sectors promoting energy growth, by 243 Mtce overall. For the non-energy input effect, construction, coal mining, and electronic equipment generated energy growths of 198 Mtce overall.
We suggest that the energy growth of the important stakeholder sectors identified in this study should be given a higher priority of attention by policy makers.
Given the tougher climate challenges facing all countries, we propose the following policy, based on our analysis, for further energy conservation in China. The energy inputs of the contributors listed in Table 1 should be the main monitoring points for energy saving. Annual reports for the main monitoring points should be compiled by the relevant governments. We also suggest that this contributors list be updated every five years for dynamic monitoring of the major sources of energy growth related to technology change. Therefore, the focus of technology improvement for further fossil energy saving should always be clear. Table S1 : Results of industrial sectors classification, Table S2 : Energy grouping, Table S3 : Price deflaters for sectors, Table S4 
